Aims: Several scoring systems have been developed for diagnosis of appendicitis. This study aims to systematically explore how those scores were derived and validated, and to compare their performance. Study Design: Systematic review. Place and Duration of Study: We searched Medline from 1949 and EMBASE from 1974 to March 2012 to identify relevant articles published in English.
INTRODUCTION
Appendicitis is one of the most important clinical causes of acute abdominal pain, with an incidence of 110/100,000 [1] over a life time period. Although many attempts have been made to improve diagnostic accuracy, false positives and false negatives remain common with rates of negative appendectomy ranging from 15% to 26% [2, 3] and perforated appendectomy ranging from 10% to 30%. [4] Several scoring systems including computerbased models and algorithms have been developed with good initial performance (in the derivation dataset), but this usually falls when validated in the general populations. Nevertheless, these scoring systems have been occasionally applied in general routine practice because of a lack of accuracy of physical examination [5] . Outcomes following a negative appendectomy (i.e., false positive) are less life threatening than the outcome of a false negative diagnosis, in which its mortality rate was high from appendiceal perforation and peritonitis. As a result, an aggressive surgical approach is frequently applied when the diagnosis is in doubt and this sometimes results in the removal of normal appendices. In order to reduce the aggressive management, an accurate and reliable diagnostic test for appendectomy is required to effectively discriminate between patients who require prompt surgical intervention from the patients who need more conservative management.
Imaging modalities have been used to improve diagnostic accuracy. However, disadvantages include excessive cost, lack of accessibility (particularly in developing countries), lack of radiologists, examiner-dependent efficacy (e.g., ultrasound), potential harmful ionization (e.g., computerized tomography), and low performance in low or high prevalence populations. Clinical scoring systems that synthesize clinical information have been developed and may be useful for those countries where imaging is less accessible.
These scores have been derived by incorporating clinical signs and symptoms into a mathematical equation which predicts the probability of appendicitis. Various statistical methods have been used to construct a number of diagnostic scoring algorithims [1, , some of which have been validated [18, 33] either internally [8, 39] or externally [7] [8] [9] 11, 15, 16, 21, 27, 28, 30, [37] [38] [39] , while others have been applied without validation. The performance of those scores that have been validated varies from fair to good. We therefore conducted a systematic review to explore score performance in both the development and validation phases of these studies. The strengths and limitations of previous diagnostic scoring algorithms have been critically appraised. Findings from this review will help to identify the most valid and appropriate model to use across settings or may highlight the need to create new model/s with higher diagnostic accuracy.
MATERIALS AND METHODS

Search Strategy
We searched Medline from 1949 and EMBASE from 1974 to March 2012 to identify relevant studies published in English. Search terms were as follows: appendicitis, gangrenous appendicitis, phlegmon, perforated appendicitis, abdominal pain, score, scoring system, prediction score, prediction model, diagnostic score, assessment tool, ultrasonogram, ultrasonography, computer tomography, accuracy, negative appendectomy, sensitivity, specificity, likelihood ratio, false positive, false negative, true positive, true negative, receive operating characteristic (ROC), area under curve (AUC). Search strategies have been described in the appendix. We contacted authors for studies where data were insufficient.
Study Selection
Studies were reviewed based on titles and abstracts. If a decision could not be made, full articles were retrieved. Observational studies (cohort, case-control, or cross-sectional) published in English were selected if they met with the following criteria: suspected adult appendicitis, considered more than one risk factor in the prediction score, had the outcome as appendicitis versus non-appendicitis, applied any equation (e.g., Logistic regression, Bayesian method, or non-mathematical-investigator opinion base) to develop the prediction model, and reported the model's performance (i.e., calibration and discrimination parameters).
Data Extraction
The general characteristics of studies (i.e., author, journal, publication year, type of participants, ethnicity, study design, number of subjects, rate of negative appendectomy, percent of complicated appendicitis, and specific objective/s (i.e., to develop or validate score, or both)) were extracted. If the diagnostic model described its development then specific information about model building (i.e., type of statistical model, predictive factors, creating scores using coefficients or exponential of coefficients) was extracted. Calibration (a ratio of expected versus observed value (E/O ratio)), and discrimination parameters (i.e., the concordance statistic (C-statistic)) along with 95% confidence interval (CI) were also extracted. These parameters were calculated if the study did not directly report them, but did provide summary data allowing for calculations. For studies describing model validation, the type of validation (internal, external, or both) and results were also recorded. If authors had modified a previous prediction model, the following aspects were recorded: whether any of the original included variables were removed or modified; and whether new predictive factors were added.
Methodological Assessment
The methodological assessment tool used in this review was developed based on a critical appraisal guide for clinical prediction rules [41] which considered both derivation and validation phases. Four domains were considered for the derivative phase, i.e., selection bias (representative of spectrum), information bias (ascertainment of outcome measurements, blinding outcome assessment, number of predictors, assessment of predictors without knowledge of outcome, proportion of important predictors), confounding bias (properly used multi-variate regression analysis to create score), and other issues (sample size, clinically sensible). For the validation phase, only 3 domains were considered, i.e., selection bias (representative of spectrum), information bias (ascertainment of outcome measurement, blinded outcome assessment, accurate interpretation), and other issues (i.e., follow up). Each item was classified as yes (low risk of bias), no (high risk of bias), or unclear if there was insufficient information to judge. Two reviewers (CW and TA) independently extracted data and assessed risk of bias for all included studies. Any disagreement was discussed with a third party (AT).
Statistical Analysis
Model performance was described separately for the derivation and validation phases. Calibration (O/E ratio) and discrimination (C-statistic) coefficients along with their 95% confidence intervals (CI) were estimated for each study. A meta-analysis was applied to pool the O/E and C-statistic using the equations as described in the appendix. Heterogeneity was assessed using the Q statistic and a degree of heterogeneity I 2 was estimated. If heterogeneity was present (p value <0.10 or I 2 > 25%), a random-effect model was used to pool data, otherwise a fixed-effect model was applied. All analyses were performed using STATA version 12.0.
RESULTS
Selection of Studies
We identified 468 studies of which 44 studies met our inclusion criteria and thus were eligible for the review (Fig. 1 ). The characteristics of these studies are described in Table 1 and  Supplement Table 1 . Of the 44 included studies, 9 studies [7, 10, 15, 16, 18, 21, 27, 28, 37] exclusively derived new prediction scores or modified previous prediction models (hereafter called derivation studies), 5 studies [8, 9, 33, 38, 39] derived and internally or externally validated their models in the same studies, whereas 30 studies exclusively examined internal [30, 42] and external [1, 6, 10, [12] [13] [14] 17, 19, 20, [22] [23] [24] [25] [26] 29, 31, 32, [34] [35] [36] 40, [43] [44] [45] [46] [47] [48] [49] model validations.
Among the 14 derivation studies, [7] [8] [9] 11, 15, 16, 18, 21, 27, 28, 33, [37] [38] [39] all focused on adult patients, and most included patients with suspected appendicitis who received surgery or observation only, although 3 studies [33, 37, 39] included only patients who received surgery. Ten models [7, 8, 11, 15, 16, 18, 27, 33, [37] [38] [39] 42] were derived in Caucasian populations while three models [11, 21, 28] were in Asian populations. The models were mainly constructed within cohorts, either retrospectively [7, 33, 39] or prospectively. [8, 15, 16, 18, 21, 27, 28, 38, 42] .
Among 30 studies that exclusively performed validation, 27 studies had validated models on patients with suspected appendicitis whereas 3 studies focused on surgical patients. Most of these studies were conducted within prospective cohorts. Eighteen and twelve studies were conducted within Caucasian and Asian populations, respectively.
Methodological Assessments
Results of methodological assessments are described in Table 2 . Among the 14 derivation studies, 8/14 (57.1%) studies had recruited consecutive patients with the chief complaint of abdominal pain, or randomly selected patients from a well-defined, population-based sampling frame of abdominal pain for retrospective studies; whereas the rest of the studies had recruited a specific group of patients presenting with at least a few clinical signs and symptoms of appendicitis.
Most studies (92.9%) confirmed the diagnosis of appendicitis histologically without mentioning whether the histology was performed with blinding to clinical information. The predictor variables used in the derivation models were considered complete and appropriate (i.e., low risk of bias) if authors used predictors from all clinically relevant predictive categories (i.e. demographic, clinical signs, symptoms, laboratory, and imaging data); otherwise this item was graded as high risk of bias. Ten out of fourteen (71.4%) studies clearly listed all clinically relevant predictor categories, whereas the remaining studies considered only a few predictor categories. Only 5/14 (35.71%) studies measured or collected predictors in which assessors were blinded to the final diagnosis of appendicitis, laboratory, and imaging findings, and 57.14% of studies measured or collected predictors where the assessor was unblinded to the possible diagnosis of appendicitis.
Eleven out of fourteen studies (78.7%) performed statistical estimations or tests for all predictors, whereas 3/14 (21.3%) studies did not apply any statistical method. However, only 5/14 (35.7%) studies applied multivariate regression models which simultaneously included significant predictors in the models, and used coefficients or relative risks from these regression models to create scores. The rest of the studies created prediction scores based on univariate results or non-statistical models.
Twelve (85.7%) studies had sufficient numbers of subjects for either appendicitis or total subjects based on the rule of thumb of 1 predictor per 10-30 appendicitis cases). Some studies (71.4%) included predictors that seemed to be clinically sensible, the scores were easy to apply and also suggested a course of clinical action.
For validation studies, 28/35 (80%) studies were less likely to be affected by selection bias. Ascertainment of diagnosis of appendicitis was clearly defined in 34/35 (97%) studies. Twenty four out of thirty five (68%) studies clearly described that their interpretation of the prediction rule was not influenced by information of the final diagnosis of appendicitis while 25% were potentially influenced by the diagnosis, and these 25% did not mention if blinding of clinical information was applied or not. Only 10 (28%) of studies followed up all nonoperative subjects. Table 2 continues……
Score Development
Among 14 derivation studies, 5 predictive categories were considered in the models including demographic data, clinical signs, clinical symptoms, laboratory, and imaging data, (Table 1) . Of the 2 demographic variables, gender was more commonly included in the model compared with age (42.9% vs 14.3%). Ten symptom variables were considered, in which nausea (9/14, 64.3 %) was most commonly included in the model follow by migration of pain, pain at presentation, or duration of pain (all were 46.2%). Nine clinical signs were considered with the most common variable being rebound tenderness (76.9%), followed by right lower quadrant (RLQ) tenderness (61.5%), and RLQ guarding (53.9%) or elevated temperature (53.9%). Among the 10 clinical symptoms, nausea/vomiting (53.9%) followed by migration and duration of pain (46.4%) were most commonly included. Most studies (84.6%) considered at least one laboratory variable. Among these, elevated white blood cell count (76.9%) was most commonly used followed by left shift of polymorphonuclear (PMN) cells (46.2%). Only two studies [18, 38] used radiological data (e.g. ultrasonography and/or abdominal radiograph) in their scoring systems.
As described in Table 1 and Supplement [39] used discriminant analysis. Scoring schemes of these models were created based on coefficients of the logit or discriminant regression models. Among the 9 studies that did not apply statistical models, univariate analysis (e.g., Chi-square test, relative risk) and estimated diagnostic parameters (e.g., likelihood ratio, sensitivity, specificity) were used for assessing associations in 6 studies whereas 3 studies did not apply any statistical test.
Model Performance
Model performances using C-statistics and O/E calibration coefficients were extracted from individual studies if reported, otherwise they were estimated using summary data reported in the articles (Table 3 ). The Alvarado model [7] was the most frequent externally validated model without internal validation by 50 studies. [6, 8, 10, 12, 13, 19, 20, 23, 26, 29, 31, 32, 35, 38, Seventeen studies [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] 65, 72, 74, 77 ] included pediatric population, 2 studies [66, 71] were published in non English and 10 studies [44, 63, 64, [67] [68] [69] [70] 73, 75, 76] presented noninterested outcomes. The model was originally derived in 277 Caucasians using diagnostic accuracy for weighting each of 8 predictors, i.e., migration of pain, anorexia, nausea/vomiting, elevated temperature, rebound tenderness, RLQ tenderness, elevated WBC, and PMN cell left shift. The point estimate of the O/E calibration coefficient was very good (1.0), although the confidence interval varied from 0.75 to 1.25. The C-statistic was 0.78, which indicated reasonably good discrimination. All eight variables were included in the externally validated models. Combining E/O calibration coefficients and C-statistics across 21 studies yielded a pooled O/E and the pooled C statistic of 1 (95%CI, 0.98 to 1.02) and 0.77 (95%CI, 0.73 to 0.81), respectively.
The Alvarado score was also modified by two subsequent studies by excluding the shift to left of PMN cells due to unavailability of routine laboratory data in the study performed by Kalan et al. [21] or it was replaced with other variables (i.e. cough test, Rovsing's sign, rectal tenderness) in the study performed by Malik et al. [28] In these studies the O/E calibration coefficients did not change much when compared with the original model. 
DISCUSSION
We have reviewed the performance of 14 diagnostic scores for appendicitis. Diagnostic scores were judged based on their discrimination, i.e. distinguishing cases from non-cases, and their calibration, i.e. the percentage of observed cases was similar to predicted or expected cases. Discrimination was judged by looking at the area under the ROC curve (or C-statistic) which ranges from 0.5 (consistent with chance) to 1.0 (perfect diagnostic ability). [78] Calibration is judged by looking at observed/expected ratios, with 1.0 indicating perfect calibration. [79, 80] Only 35.7% of studies derived scores using statistical modeling whereas the rest used diagnostic parameters (i.e., accuracy or likelihood ratio positive) or univariate analysis (i.e., Chi-square test) without a proper rationale for weighting in prediction scores. Although the Alvarado [7] , modified Alvarado [21] , and Fenyo [16] scores were not derived using statistical modeling, they were the most frequently applied with externally validated C-statistics of 0.77, 0.86, and 0.81, respectively. The performance of these models did not differ significantly to the Eskelinen [15] scoring model (C-statistic = 0.84; 95% CI; 0.79 to 0.89) which properly applied statistical modeling. All the models seemed to have reasonable calibration (O/E of 1.0) although the Eskelinen and Alvarado scores had the smallest confidence interval. Many factors may influence the performance of a diagnostic model. The association between predictive factors and appendicitis using derived data may occur by chance and thus will result in poorer performance in a general population (i.e., external validation). Such an event is more likely to occur if a sample size is relatively small compared with the number of diagnostic factors included in the model. [81] With a small sample size, unimportant variables may be selected and some important variables may be omitted from the model. Conversely, a very large sample size is more likely to include statistically significant variables that are not clinically meaningful. At least 10 -30 cases per one predictive factor is necessary to derive a valid model as suggested by simulation studies. [82] As per our review, the number of predictor variables included in the Alvarado [7] , modified Alvarado [21] , Fenyo [16] , and Eskelinen [15] were 8, 7, 18, and 6 variables respectively, so the required number of appendicitis cases in each study should have been at least 80, 70, 180, and 60 subjects respectively; and 240, 210, 540, and 180 subjects for greater precision. Among these 3 models, the Fenyo [16] model with a sample size of appendicitis cases of 109, was far below the minimum required number of 180 cases. As a result, an over-fitted or an overoptimistic model may be applied if the Fenyo [16] model is applied in a general population. This was confirmed by the fact that the C-statistic dropped by 10% in the validation set compared with the derivation set. In an appropriate sample size model, the Cstatistic dropped by only 3.75% and increased from 0.59 to 0.84 in the Alvarado and Eskelinen scores, respectively.
It is generally recommended that derivation of prognostic models [81, 83, 84] should be developed using a multi-variate regression or Bayesian model rather than developed using a univariate or non-statistical modeling approach. The multivariate model allows for the simultaneous inclusion of multiple variables and adjustment for confounding variables. The use of statistical models should be clearly described and the model's assumptions or goodness of fit should be checked. Although the original and modified Alvarado and Fenyo scores were derived based on non-statistical models, their external predictive performances still provided good discrimination. However, applying these scores to a general population may be problematic due to inappropriately derived scores. The model itself should be simple, easy to apply, and interpret to encourage general surgeons to apply these models in clinical practice. The number of included variables should be limited to a few and they should be easy to measure or examine in a routine clinical practice. Applying the original and modified-Alvarado and Fenyo scores requires 7 and 18 variables respectively, whereas only 6 variables are required when applying the Eskelinen score. All of these predictor variables are signs and symptoms with only 1 laboratory predictor (i.e., WBC count).
CONCLUSION
In summary, it is recommended that clinical decision rules should be developed using rigorous statistical approaches, they should be derived and validated in independent populations, they should exhibit good discrimination, i.e. high C-statistic, and exhibit good calibration, i.e. O/E close to 1, and be tested in large samples with sufficient power to accommodate the number of predictors being tested. The rule that comes closest to meeting all these criteria is that by Eskelinen, although there is still much room for improvement and validation.
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